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HYDROGEN-SELECTIVE METAL MEMBRANE MODXJLES 
AND METHOD OF FORMING THE SAME 

Field of the Invention 
The invention relates generally to hydrogen purification systems and 
5 more particularly to hydrogen-selective membranes, methods for forming membrane 
modules containing a plurality of hydrogen-selective membranes, and hydrogen 
producing and purifying systems containing the same. 

Background of the Invention 
Hydrogen-selective merabranes formed jfrom hydrogen-permeable 
10 metals, most notably palladium and alloys of palladium, are known. In particular, 
planar palladium-alloy membranes have been disclosed for purifying hydrogen gas 
streams, such as hydrogen gas streams produced by steam reformers, autothermal 
reformers, partial oxidation reactors, pyrrolysis reactors and other fuel processors, 
including fuel processors configured to supply purified hydrogen to fuel cells or ottier 
1 5 processes reqiiiring high-purity hydrogen. 

To be economical, palladiixm and palladium-alloy membranes must be 
thin. For example, planar membranes are typically approximately 0.001 inches thick. 
However, these extremely thin membranes are subject to wrinkling during assembly 
into a membrane module containing one or more hydrogen-selective membranes. A 
20 membrane that has one or more wrinkles is subject to premature failure due to stress 
fractures forming at the wrinkle. When such a failure occurs, impurities that 
otherwise would be iinable to pass through the membrane can now pass through the 
membrane, thereby reducing the purity of the product hydrogen stream and potentially 
damaging the fuel cell stack or other hydrogen-consimaing device with which the 
25 purified stream is used. 

Therefore, there is a need for a method for preparing hydrogen- 
selective membranes for use in a fuel processor or other hydrogen-purifying device 
without wrinkling the membranes. 

Summary of the Invention 
30 The present invention is directed to membrane modules that contain 

one or more hydrogen-selective membranes, methods for preparing the same, and 
hydrogen purification systems, fuel processors and devices containing the same. In 
some embodiments, the membrane modules include one or more hydrogen-selective 

1 
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membranes supported on a screen structure, of which a variety of embodiments are 
disclosed. In some embodiments, the membrane or membranes are adhesively 
mounted on the screen structure during assembly. In some embodiments, the screen 
structure includes a plurality of screen members adhesively mounted together during 
5 assembly. In some embodiments, the screen structure includes a coating. 

Brief Description of the Drawings 
Fig. 1 is a schematic diagram of a fuel cell system containing a fuel 
processor with a membrane module according to the present invention. 

Fig. 2 is a schematic diagram of another embodiment of the fuel cell 
10 system of Fig. 1. 

Fig. 3 is a. schematic diagram of a fuel processor suitable for use in the 
fuel cell systems of Figs. 1 and 2 and including a membrane module according to the 
present invention. 

Fig. 4 is a schematic diagram of another embodiment of the fuel 
15 processor of Fig. 3. 

Fig. 5 is a schematic diagram of a hydrogen purifier containing a 
membrane module according to the present invention. 

Fig. 6 is a fragmentary side elevation view of a membrane envelope 
constructed according to the present invention and including a screen stracture. 
20 Fig. 7 is an exploded isometric view of another embodiment of a 

membrane envelope constructed according to the present invention and including a 
screen structure having several layers. 

Fig. 8 is a cross-sectional view of the membrane envelope of Fig. 7. 
Fig. 9 is a fragmentary isometric view of an expanded metal screen 
25 member suitable for use in the screen structure of Fig. 7. 

Fig. 10 is an exploded isometric view of another membrane envelope 
according to the present invention. 

Fig. 1 1 is an exploded isometric view of another membrane envelope 
constracted according to the present invention. 
30 Fig. 12 is an exploded isometric view of another membrane envelope 

constmcted according to the preset invention. 

Fig. 13 is an exploded isometric view of another membrane module 
constructed according to the present invention. 

2 
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Fig. 14 is a cross-sectional view of a fuel processor that includes a 
membrane module constructed according to the present invention. 

Fig. 15 is a cross-sectional view of another fuel processor that includes 
a membrane module constructed according to the present invention. 
5 Detailed Description and Best Mode of the Invention 

A fuel cell system according to the present invention is shown in Fig. 1 
and generally indicated at 10. System 10 includes at least one fuel processor 12 and 
at least one fuel cell stack 22. Fuel processor 12 is adapted to produce a product 
hydrogen stream 14 containing hydrogen gas from a feed stream 16 containing a 
10 feedstock. The fuel cell stack is adapted to produce an electric current from the 
portion of product hydrogen stream 14 delivered thereto. In the illustrated 
embodiment, a single fuel processor 12 and a single fuel cell stack 22 are shown and 
described, however, it should be understood that more than one of either or both of 
these components may be used. It should also be understood that these components 
15 have been schematically illustrated and that the fuel cell system may include 
additional components that are not specifically illustrated in the figures, such as feed 
pumps, air delivery systems, heat exchangers, heating assemblies and the like. 

Fuel processor 12 produces hydrogen gas through any suitable 
mechanism. Examples of suitable mechanisms include steam reforming and 
20 autothermal reforming, in which reforming catalysts are used to produce hydrogen gas 
from a feed stream containing a carbon-containing feedstock and water. Other 
suitable mechanisms for producing hydrogen gas include pyrrolysis and catalytic 
partial oxidation of a carbon-containing feedstock, in which case the feed stream does 
not contain water. Still another suitable mechanism for producing hydrogen gas is 
25 electrolysis, in which case the feedstock is water. For purposes of illustration, the 
following discussion will describe fuel processor 12 as a steam reformer adapted to 
receive a feed stream 16 containing a carbon-containing feedstock 18 and water 20. 
However, it is within the scope of the invention that the fuel processor 12 may take 
other forms, as discussed above. 
30 Examples of suitable carbon-containing feedstocks include at least one 

hydrocarbon or alcohol. Examples of suitable hydrocarbons include methane, 
propane, natural gas, diesel, kerosene, gasoline and the like. Examples of suitable 
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alcohols include methanol, ethanol, and polyols, such as ethylene glycol and 
propylene glycol. 

Feed stream 16 may be delivered to fuel processor 12 via any suitable 
mechanism. Althougji only a single feed stream 16 is shown in Fig. 1, it should be 
5 understood that more than one stream 16 may be used and that these streams may 
contain the same or different components. When carbon-containing feedstock. 18 is 
miscible with water, the feedstock is typically delivered with the water component of 
feed stream 16, such as shown in Fig. 1. . When the carbon-containing feedstock is 
immiscible or only shghtly miscible with water, these components are typically 

10 delivered to fiiel processor 12 in separate streams, such as shown in Fig. 2. 

In Figs. 1 and 2, feed stream 16 is shown being delivered to fuel 
processor 12 by a feed stream dehvery system 17. Dehvery system 17 includes any 
suitable mechanism, device, or combination thereof that delivers the feed stream to 
fuel processor 12. For example, the delivery system may include one or more pimips 

15 that deliver the components of stream 16 from a supply. Additionally, or 
alternatively, system 17 may include a valve assembly adapted to regulate the flow of 
the components from a pressurized supply. The supplies may be located external of 
the fuel cell system, or may be contained within or adjacent the system. 

Fuel cell stack 22 contains at least one, and typically multiple, ftiel 

20 cells 24 adapted to produce an electric current from the portion of the product 
hydrogen stream 14 delivered thereto. This electric current may be used to satisfy the 
energy demands, or applied load, of an associated energy-consimiing device 25. 
Illustrative examples of devices 25 include, but should not be limited to, a motor 
vehicle, recreational vehicle, boat, tool, light or lighting assemblies, appliances (such 

25 as household or other appliances), household, signaling or communication equipment, 
etc. It should be understood that device 25 is schematically illustrated in Fig. 1 and is 
meant to represent one or more devices or collection of devices that are ad^ted to 
draw electric current from the fuel cell system. A fuel cell stack typically includes 
multiple fuel cells joined together between common end plates 23, which contain 

30 fluid delivery/removal conduits (not shown). Examples of suitable fuel cells include 
proton exchange membrane (PEMT) fuel cells and alkaline fuel cells. Fuel cell stack 
22 may receive all of product hydrogen stream 14. Some or all of stream 14 may 



4 



wo 01/70376 



PCTAJSOl/40364 



additionally, or alternatively, be delivered, via a suitable conduit, for use in another 
hydrogen-consuming process, burned for fuel or heat, or stored for later use. 

Fuel processor 12 is any suitable device that produces hydrogen gas. 
Preferably, the fuel processor is adapted to produce substantially pure hydrogen gas, 
5 and even more preferably, the fuel processor is adapted to produce pure hydrogen gas. 
For the purposes of the present invention, substantially pure hydrogen gas is greater 
than 90% pure, preferably greater than 95% pure, more preferably greater than 99% 
pure, and even more preferably greater than 99.5% pure. Suitable fuel processors are 
disclosed in U.S. Patent Nos. 5,997,594 and 5,861,137, pending U.S. Patent 
10 Application No. 09/291,447, which was filed on April 13, 1999, and is entitled *Tuel 

Processiag System," and U.S. Patent Application Serial No. , which was 

filed on March 8, 2000 and is entitled "Fuel Processor and Systems and Devices 
Containing the Same," each of which is incorporated by reference in its entirety for all 
purposes. 

15 An example of a suitable fuel processor 12 is a steam reformer. An 

example of a suitable steam reformer is shown in Fig. 3 and indicated generally at 30. 
Reformer 30 includes a reforming, or hydrogen-producing, region 32 that includes a 
steam reforming catalyst 34. Altematively, reformer 30 may be an autofliermal 
reformer that includes an autothermal reforming catalyst. In reforming region 32, a 

20 refonnate stream 36 is produced firom the water and carbon-containing feedstock 
forming feed stream 16. The reformate stream typically contains hydrogen gas and 
impurities, and therefore is delivered to a separation region, or purification region, 38, 
where the hydrogen gas is purified. In separation region 38, the hydrogen-containing 
stream is separated into one or more byproduct streams, which are collectively 

25 illustrated at 40, and a hydrogen-rich stream 42 by any suitable pressure-driven 
separation process. In Fig. 3, hydrogen-rich stream 42 is shown forming product 
hydrogen stream 14. Separation region 38 includes a membrane module 44 according 
to the present invention and contains one or more hydrogen-selective membranes 46. 
Membrane module 44 is discussed and illustrated in more detail subsequently. 

30 Reformer 30 may, but does not necessarily, fiirther include a polishing 

region 48, such as shown in Fig. 4. Polishing region 48 receives hydrogen-rich 
stream 42 firom separation region 38 and fiirther pxirifies the stream by reducing the 
concentration of, or removing, selected compositions therein. For example, when 
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Stream 42 is intended for use in a fuel cell stack, such as stack 22, compositions that 
may damage the fiiel cell stack, such as carbon monoxide and carbon dioxide, may be 
removed from the hydrogen-rich stream. The concentration of carbon monoxide 
should be less than 10 ppm (parts per million) to prevent the control system from 
5 isolating the fuel cell stack. Preferably, the system limits the concentration of carbon 
monoxide to less than 5 ppm, and even more preferably, to less than 1 ppm. The 
concentration of carbon dioxide may be greater than that of carbon monoxide. For 
example, concentrations of less than 25% carbon dioxide may be acceptable. 
Preferably, the concentration is less than 10%, even more preferably, less than 1%. 

10 Especially preferred concentrations are less than 50 ppm. It should be understood that 
the acceptable minimum concentrations presented herein are illustrative examples, 
, and that concentrations other than those presented herein may be used and are within 
the scope of tlie present invention. For example, particular users or manufacturers 
may require minimum or maximum concentration levels or ranges that are different 

1 5 than those identified herein. 

Region 48 includes any suitable structure for removing or reducing the 
concentration of the selected compositions in stream 42. For example, when the 
product stream is intended for use in a PEM fiiel cell stack or other device that will be 
damaged if the stream contains more than determined concentrations of carbon 

20 monoxide or carbon dioxide, it may be desirable to include at least one methanation 
catalyst bed 50. Bed 50 converts carbon monoxide and carbon dioxide into methane 
and water, both of which will not damage a PEM fuel ceU stack. Polishing region 48 
may also include another hydrogen-producing device 52, such as another reforming 
catalyst bed, to convert any imreacted feedstock into hydrogen gas. In such an 

25 embodiment, it is preferable that the second reforming catalyst bed is upstream from 
the methanation catalyst bed so as not to reintroduce carbon dioxide or carbon 
monoxide downstream of the methanation catalyst bed. 

Steam reformers typically operate at temperatures in the range of 
200** C and 700"* C, and at pressures in the range of 50 psi and 1000 psi, although 

30 temperatures outside of this range are within the scope of the invention, such as 
depending upon the particular type and configuration of friel processor being used. 
Any suitable heating mechanism or device may be used to provide this heat, such as a 
heater, bximer, combustion catalyst, or the like. The heating assembly may be 
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external tiie fuel processor or may form a combustion chamber that forms part of the 
fiiel processor. The fuel for the heating assembly may be provided by the fuel 
processing system, or fiiel cell system, by an external source, or both. 

In Figs. 3 and 4, reformer 30 is shown including a shell 31 in which the 
5 above-described components are contained. Shell 31, which also may be referred to 
as a housing, enables the fiiel processor, such as reformer 30, to be moved as a unit. It 
also protects the components of the fuel processor from damage by providing a 
protective enclosure and reduces the heating demand of the fiiel processor because the 
components of the fuel processor may lie heated as a xmit. Shell 3 1 may, but does not 

10 necessarily, include insulating material 33, such as a soUd insulating material, blanket 
insulating material, or an air-filled cavity. It is within the scope of the invention, 
however, that the reformer may be formed without a housing or shell. When reformer 
30 includes insulating material 33, Ihe insulating material may be internal the shell, 
external the shell, or both. When the insulating material is external a shell containiag 

15 the above-described reforming, separation and/or polishing regions, the fuel processor 
may further include an outer cover or jacket external the insulation. 

It is forthCT within the scope of the invention that one or more of the 
components may either extend beyond the shell or be located external at least shell 
31. For example, and as schematically illustrated in Fig. 1, polishing region 48 may 

20 be external shell 31 and/or a portion of reforming region 32 may extend beyond the 
shell. 

Although fuel processor 12, feed stream delivery system 17, fuel cell 
stack 22 and energy-consuming device 25 may all be formed from one or more 
discrete components, it is also within the scope of the invention that two or more of 

25 these devices may be integrated, combined or otherwise assembled within an external 
housing or body. For example, a fiiel processor and feed stream delivery S3^tem may 
be combined to provide a hydrogen-producing device with an on-board, or integrated, 
feed stream delivery system, such as schematically illustrated at 26 in Fig. 1. 
Similarly, a fuel cell stack may be added to provide an energy-generating device with 

30 an integrated feed stream delivery system, such as schematically illustrated at 27 in 
Fig. 1.. 

Fuel cell system 10 may additionally be combined with an energy- 
consuming device, such as device 25, to provide the device with an integrated, or on- 

7 
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board, energy source. For example, the body of such a device is schematically 
illustrated in Fig. 1 at 28. Examples of such devices include a motor vehicle, such as 
a recreational vehicle, automobile, boat or other seacrafl, and the like, a dwelling, 
such as a house, apartment, duplex, apartment complex, ojffice, store or the like, or a 
5 self-contained equipment, such as an appliance, light, tool, microwave relay station, 
transmitting assembly, remote signaling or communication equipment, etc. 

It is within the scope of the invention that the above-described fuel 
processor 12 may be used independent of a fuel cell stack. In such an embodunent, 
the system may be refrared to as a fuel processing system, and it may be used to 
10 provide a supply of pure or substantially pure hydrogen to a hydrogen-consimiing 
device, such as a burner for heating, cooking or other applications. Similar to the 
above discussion about iutegrating the fuel cell system with an energy-consvmiing 
device, the fuel processor and hydrogen-consuming device may be combined, or 
integrated. - 

15 It is also within the scope of the present invention that the membrane 

modules disclosed herein may be used as a hydrogen purifier independent of a fuel 
processor or fuel cell stack. An example of a membrane module 44 configured for 
use as a hydrogen-pxuifier is schematically illustrated in Fig. 5 and generally indicated 
at 60. As shown, a mixed gas stream 61 containing hydrogen gas 62 and other gases 

20 63 is delivered to purifier 60, which contains a membrane module 44 constructed 
according to the present invention. The membrane module contains at least one 
hydrogen-selective membrane 46, and separates the nuxed gas stream into a product 
stream 64 containing at least substantially hydrogen gas and a byproduct stream 65 
containing at least substantially the other gases. Another way to describe the purifier 

25 is that the product stream contains at least a substantial portion of the hydrogen gas in 
the mixed gas stream and that the byproduct stream contains at least a substantial 
portion of the other gases. Similar to the fuel processors and fuel cell systems 
discussed above, purifier 60 may be integrated with a hydrogen-producing device to 
provide a hydrogen-producing device with an integrated hydrogen purifier and/or with 

30 a hydrogen-consuming device to provide a hydrogen-consuming device with an 
integrated hydrogen purifier. 

It should be understood that the hydrogen purity of the product stream, 
the hydrogen content of the byproduct stream, the percentage of hydrogen firom the 
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mixed gas stream that forms the byproduct stream, and similar compositions of the 
product and byproduct streams may be selectively varied depending upon the 
construction of the membrane module and/or the operating conditions within which 
the membrane module is used. For example, the compositions of the product and 
5 byproduct streams may vary at least partially in response to at least the following 
factors: the temperature of the membrane module, the pressure of the membrane 
modxile, the composition of the hydrogen-selective membrane, the state of wear of the 
hydrogen-selective membrane, the thickness of the hydrogen-selective membrane, the 
composition of the mixed gas stream, the nimiber of hydrogen-selective membranes 
10 used in the membrane module, and the number of sequential membranes through 
which the mixed gas, product and/or byproduct streams may pass. 

. As discussed, a suitable structure for use in separation region 38 is a 
membrane module 44, which contains one or more hydrogen-pexmeable and 
hydrogen-selective membranes 46. The membranes may be formed of any hydrogen- 
selective material suitable for use in the operating environment and conditions in 
which the membrane module is operated, such as in a purifier, fuel processor or the 
Uke. Examples of suitable materials for membranes 46 are palladium and palladium 
alloys, and especially thin films of such metals and metal alloys. Palladium alloys 
have proven particularly eflFective, especially palladium with 35 wt% to 45 wt% 
copper. These membranes are typically formed fi^om a thin foil that is approximately 
0.001 inches thick. It is within the scope of the present invention, however, that the 
membranes may be formed firom hydrogen-selective metals and metal alloys other 
than those discussed above and that the membranes may have thicknesses that are 
larger or smaller than discussed above. For example, the membrane may be made 
thinner, with commensurate increase in hydrogen flux. Suitable mechanisms for 
reducing the thickness of the membrane include rolling, sputtering and etching. A 
suitable etching process is disclosed in U.S. Patent Application Serial No. 09/274,154, 
which was filed on March 22, 1999, is entitled *Hydrogen-Penneable Metal 
Membrane and Method for Producing the Same," and the complete disclosure of 
which is hereby incorporated by reference. 

The hydrogen-permeable membranes may be arranged in pairs around 
a connnon penneate channel to form a membrane envelope, as is disclosed in the 
incorporated patent applications and as schematically illustrated in Fig. 6 at 66. In 



wo 01/70376 



PCT/USOl/40364 



such a confiiguration, the membrane pairs may be referred to as a membrane envelope, 
in that they define a common permeate chamel, or harvesting conduit, througji which 
the permeated gas may be collected and removed to form hydrogen-rich stream 42 (or 
product hydrogen stream 14 or purified hydrogen stream 64, depending on the 

5 paaticular implementation of the membrane module). 

It should be understood that fibe membrane pairs may take a variety of 
suitable shapes, such as planar envelopes and tubular envelopes. Similarly, the 
membranes may be independently supported, such as with respect to an end plate or 
around a central passage. For purposed of illustration, the following description and 

0 associated illustrations will describe flie membrane module as including one or more 
membrane envelopes 66. It should be understood that the membranes forming the 
envelope may be two separate membranes, or may be a single membrane folded, 
rolled or otherwise configured to define two membrane regions, or surfaces, 67 with 
permeate faces 68 that are oriented toward each other to define a conduit 69 

5 therebetween firom which the permeate gas may be collected and withdrawn. 

To support the membranes against high feed pressures, a support, or 
screen stnxcture, 70 is used. Screen stnicture 70 provides support to the hydrogen- 
selective membranes, and more particularly includes surfaces 71 that against which 
the permeate sides 68 of the membranes are be supported. Screen structure 70 also 

0 defines harvesting conduit 69, through which permeated gas may flow both transverse 
and parallel to the surface of the membrane through which the gas passes, such as 
schematically illustrated in Fig. 6. The permeate gas, which is at least substantially 
pure hydrogen gas, may then be harvested or otherwise withdrawn &om the 
membrane module, such as to form streams 42, 64, and/or 14. Because the 

5 membranes lie against the screen structure, it is preferable that the screen structure 
does not obstruct the flow of gas through the hydrogen-selective membrane. The gas 
that does not pass through the membranes forms one or more byproduct streams, as 
schematically illustrated in Fig. 6. 

To reiterate, the membrane module discussed herein may include one 

0 or more membrane envelopes 66, typically along with suitable input and output ports 
through which the mixed gas stream, such as reformate stream 36 or mixed gas stream 
61, is delivered to the membrane module and fi-om which the hydrogen-rich and 
byproduct streams are removed. In some embodiments, the membrane module may 

10 
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include a plurality of membrane envelopes. When the membrane module includes a 
plurality of membrane envelopes, the module may include fluid conduits 
interconnecting the envelopes, such as to deliver a mixed gas stream thereto, to 
withdraw piuified hydrogen gas therefrom, and/or to withdraw the gas that does not 
5 pass through the membranes from the membrane module. When the membrane 
module includes a plurality of membrane envelopes, the permeate stream, byproduct 
stream, or both, from a first membrane envelope may be sent to another membrane 
envelope for fiirfher purification. 

An embodiment of a suitable screen structure 70 is shown in Figs. 7 

10 and 8 and generally indicated at 72. Screen structure 72 includes plural screen 
members 73. In the illustrated embodiment, the screen members include a coarse 
mesh screen 74 sandwiched between fine mesh screens 76. It should be understood 
that the terms "fine" and "coarse" are relative terms. Preferably, the outer screen 
members are selected to support membranes 46 without piercing the membranes and 

15 without having sufficient apertures, edges or other projections that may pierce^ 
weaken or otherwise damage the membrane under the operation conditions with 
which the membrane module is used. Because the screen stmcture needs to provide 
for flow of the permeated gas generally parallel to the membranes, it is preferable to 
use a relatively courser inner screen member to provide for enhanced parallel flow 

20 conduits. In other words, the finer mesh screens provide better protection for the 
membranes, while the coarser mesh screen provides better flow generally parallel to 
the membranes. 

According to the me&od of the present invention, an adhesive, such as 
a contact adhesive, is used to secure membranes 46 to the screen structure during 

25 fabrication. An example of a suitable adhesive is sold by 3M under the trade name 
SUPER 77. An adhesive may additionally or alternatively be used to adhere the fine 
mesh screens to coarse mesh screen 74 during assembly. In Fig. 7, reference 
numerals 78 and 80 are used to indicate respectively adhesive joining membrane 46 
with screen structure 70 and individual screen members 73. It should be understood 

30 that adhesives 78 and 80 may have the same or different compositions, thicknesses 
and/or application methods. 

The use of adhesive 78 allows the sandwiched screen structure to be 
retained as a unit in a selected configuration, such as the flat, planar configuration 
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shown in Figs. 7 and 8. The use of adhesive 80 allows the thin membranes to be 
firmly attached to the screen structure without any wrinkles in the membrane. It is- 
important that these components be held flat and in close contact during assembly of 
the membrane module. If the membrane buckles, or if the screen structure buckles, 
5 then a wrinkle will form in the membrane during use. Similarly, if the membranes are 
improperly positioned relative to the screen structure, wrinkles may also occur, such 
as when the membrane module is pressurized. As pointed out above, wrinkles in the 
membrane lead to stress fractures and fatigue fractures, causing failure of the 

r 

membrane module and contamination of the piuified gas stream. 

10 In practice, a light coating of contact adhesive 78 is sprayed or 

otherwise applied to the two opposing major surfaces of the coarse mesh screen 74 
and . then fine mesh screens 76 are attached, one to each major surface of the coarse 
screen. Adhesive 78 holds screen structure 72 together. Alternatively, the adhesive 
may be applied to screens 76 instead of being applied to the coarse screen. Sinoilarly, 

15 adhesive 80 is applied between the corresponding surfaces of the jSne mesh screens 
and hydrogen-selective membranes 46 may then be adhesively secured to the opposed 
surfaces of the fine mesh screens. As discussed herein, the adhesive is at least 
substantially^ or completely, removed after fabrication of the membrane envelope 
and^or membrane modules so as to not interfere with the operation of the membrane 

20 envelopes. 

It is within the scope of the invention that the screen members may be 
of similar or the same construction, and that more or less screen members may be 
used. It is also within the scope of the invention that any suitable supporting medium 
that enables permeated gas to flow in the harvesting conduit generally parallel and 

25 transverse to the membranes may be used. For example, porous ceramics, porous 
carbon, porous metal, ceramic foam, carbon foam, and metal foam maybe used to fomi 
screen structure 70, either alone, or in combination with one or more screen members 73. 
As another example, fine mesh screens 76 may be formed from expanded metal 
instead of a woven mesh material. Preferably, screen structure 70 is formed from a 

30 corrosion-resistant material that will not impair the operation of the membrane 
module and devices with which the membrane module is used. Examples of suitable 
materials for metalhc screen members include stainless steels, titaniimi and alloys 
thereof, zirconium and alloys thereof, corrosion-resistant alloys, including Inconel™ 
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alloys, such as 800H , and Hastelloy alloys, and alloys of copper and nickel, such 
asMonel™. 

An example of an expanded metal screen member is shown in Fig. 9 
and generally indicated at 82. Expanded metal sheets include a latticework 83 of 
5 metal that defines a plurality of apertures 84 though which permeated gas may flow. 
Although other processes may be used, expanded metal sheets may be formed from 
scoring a sheet of metal and then stretching the metal to provide apertures, such as 
apertures 84 at the scores. It should be understood that the expanded metal screen 
member has been schematically illustrated in Fig. 9, and that the actual shape of the 

10 apertures may vary and will often have shapes that generally remember diamonds, 
parallelograms or other geometric shapes, for example as shown in Fig- 12. The sheet 
may also include a sohd perimeter region 86, which is advantageous because it is free 
from projections, burrs, or other wire ends that may be present in woven mesh screen 
members and which may pierce or otherwise damage the hydrogen-selective 

15 membranes. Although only a portion of expanded metal screen member 82 is shown 
in Fig. 9, the perimeter region 86 of the screen member may extend all the way 
around the screen member. Alternatively, oidy the perimeter regions that contact 
membranes 46 maybe solid surfaces. 

All of the foregoing metallic screen compositions may include a 

20 coating 85 on surface 71 (such as shown in Fig. 8). Examples of suitable coatings 
include aluminum oxide, tungsten carbide, tungsten nitride, titanium carbide, titanium 
nitride, and mixtures thereof These coatings are generally characterized as being 
thermodynamically stable with respect to decomposition in the presence of hydrogen. 
Suitable coatings are formed from materials, such as oxides, nitrides, carbides, or 

25 intermetallic compounds, that can be applied as a coating and which are 
thermodynamically stable with respect to decomposition in the presence of hydrogen 
under the operating parameters (temperature, pressmre, etc.) in which the membrane 
module will be subjected. Alternatively, the coating may be applied to an expanded 
metal screen member that is used in place of a fine mesh screen, in which case the 

30 coating would applied to at least the surface of the expanded mesh that will contact 
the hydrogen-selective membrane 46. Suitable methods for applying such coatings to 
the screen or expanded metal screen member include chemical vapor deposition, 
sputtering, thermal evaporation, thermal spraying, and, in the case of at least 

13 
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aluminum oxide, deposition of the metal (e.g., aluminum) followed by oxidation of 
the metal to give aluminum oxide. In at least some embodiments, the coatings may be 
described as preventing intemietallic diffusion between the hydrogen-selective 
membranes and the screen structure. 
5 Preferably, the screen structure and membranes are incorporated into a 

membrane module that includes frame members 88 that are adapted to seal, support 
and/or interconnect the membrane envelopes for use in fuel processing systems, gas 
purification systems, and the like. Fine mesh metal screen 76 fits within permeate 
frame 90. Expanded metal screen member 86 may eittier fit within permeate frame 90 

10 or extend at least partially over the surface of permeate frame 90. Examples of 
suitable frame members 88 include supporting frames and/or gaskets. These frames, 
gaskets or other support stmctures may also define, at least in part, the fluid conduits 
that interconnect the membrane envelopes in an embodiment of membrane module 44 
that contains two or more membrane envelopes. Exan^les of suitable gaskets are 

15 flexible graphite gaskets, although other materials may be used, such as depending 
upon the operating conditions in which a particular membrane module is used. 

An example of a membrane envelope 66 that includes frame members 
88 is shown in Fig. 12. As shown, screen structure 70 is placed in a permeate frame 
90 that forms a portion of membrane module 44, The screen structure and frame 90 

20 may collectively be referred to as a screen frame or permeate frame 91. Permeate 
gaskets 92 and 92' are attached to pemieate frame 90, preferably but not necessarily, 
by using. another thin application of adhesive. Next, membranes 46 are attached to 
screen structure 70 using a thin application of adhesive, such as by spraying or 
otherwise applying the adhesive to either or both of the membrane and/or screen 

25 structure. Care should be taken to ensure that the membranes are flat and firmly 
attached to the corresponding screen member 73. Finally, feed plates, or gaskets, 94 
and 94' are optionally attached, such as by using another thin application of adhesive. 
The resulting membrane assembly is then stacked with feed, or end, plates to form 
membrane module 44. Optionally, two or more membrane envelopes may be stacked 

30 between the end plates. 

Optionally, each membrane 46 may be fixed to a frame 104, such as a 
metal fi-ame and such as shown in Fig. 11. If so, the membrane is fixed to the finame, 
for instance by ultrasonic welding or another suitable attachment mechanism, and the 

14 



wo 01/70376 



PCT/USOl/40364 



membrane-frarae assembly is then attached to screen structure 70 using adhesive. 
Other examples of attachment mechanisms achieve gas-ti^t seals between plates 
forming manbrane envelope 66, as well as between the membrane envelopes, include 
one or more of brazing, gasketing, and welding. The membrane and attached frame may 
5 collectively be referred to as a membrane plate 96. 

For purposes of illustration, the geometry of fluid flow ferough 
membrane envelope 66 is described with respect to the embodiment of envelope 66 
shown in Fig. 10. As shown, a mixed gas stream, such as reformate stream 36, is 
delivered to the membrane envelope and contacts the outer surfaces 97 of membranes 

10 46. The hydrogen gas that permeates through the membranes enters harvesting 
conduit 69, which is formed between the permeate faces 68 of the membranes. The 
harvesting conduit is in fluid communication with conduits 100 through which the 
permeate stream may be withdrawn from the membrane envelope. The portion of the 
mixed gas stream that does not pass through the membranes flows to a conduit 98 

15 through which this gas may be withdrawn as byproduct stream 40. In Fig. 10, a single 
byproduct conduit 98 is shown, while in Fig. 11a pair of conduits 98 and 102 are 
shown to illustrate that any of the conduits described herein may alternatively include 
more than one fluid passage. It should be understood that the arrows used to indicate 
the flow of streams 40 and 42 have been schematically illustrated, and that the 

20 direction of flow through conduits 98, 100 and 102 may vary, such as depending upon 
title configuration of a particular membrane module. 

In Fig. 12, another example of a suitable membrane envelope 66 is 
shown. For purposes of illustration, envelope 66 is shown having a generally 
rectangular form. The envelope of Fig. 12 also provides another example of a 

25 membrane envelope having a pair of byproduct conduits 98 and 102 and a pair of 
hydrogen conduits 100. As shown, envelope 66 includes gaskets or spacer plates 94 as 
the outer most plates in the stack. Generally, each of spacer plates includes a frame 106 
that defines an inner open region 108. Each inner open region 108 couples laterally to 
conduits 98 and 102. Conduits 100, however, are closed relative to open region 108, 

30 thereby isolating the hydrogen-rich stream 42. Membrane plates 96 lie adjacent and 
interior to plates 94. Membrane plates 96 each include as a central portion thereof a 
hydrogen-selective membrane 46, which may be secured to an outer frame 104 that is 
shown for purposes of illustration. In plates 96, all of the ports are closed relative to 

15 
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membrane 46. Each membrane lies adjacent to a corresponding one of open regions 
108, i.e., adjacent to the flow of mixed gas arriving to the envelope. This provides 
opportunity for hydrogen to pass through the membrane, -with the remaining gases, i.e., 
the gases forming byproduct stream 40, leaving open region 108 through conduit 102. 
5 Screen plate 91 lies intermediate membrane plates 96, i.e., on the interior or permeate 
side of each of membranes 46, Screen plate 91 includes a screen structure 70. Conduits 
98 and 102 are closed relative to the central region of screen plate 91, thereby isolating 
the byproduct stream 40 and the reformate-rich flow 36 jfrom hydrogen-rich stream 42. 
Conduits 100 are open to the interior region of screen plate 91. Hydrogen, having 

10 passed through the adjoining membranes 46, travels along and through screen stmcture 
70 to conduits 100 and eventually to an output port as the hydrogen-rich stream 42. 

As discussed, membrane module 44 may include one or more 
membrane envelopes in which the membranes have been adhesively bonded to the 
screen structure, and/or in which the screen structure includes two or more screen 

15 members 83 that are adhesively bonded together. Typically, the membrane module 
further includes end plates having input and output ports through which the mixed 
gas, product (or hydrogen-rich) and byproduct streams are removed jfrom the 
membrane module. An example of a suitable membrane module is shown in Fig. 13 
in the form of a plate membrane module. As shown, the module contains end plates 

20 110 between which one or more membrane envelopes 66 are contained. In the 
illustrated embodiment, three membrane envelopes are shown for purposes of • 
illustration, but it should be understood that more or less envelopes may be used. The 
membrane envelopes are in fluid communication with at least one of the end plates, 
through which the mixed gas stream is deUvered and from which the byproduct 40 

25 and hydrogen-rich 42 streams are removed. 

As shown in the illustrative embodiment of Fig. 13, one of the end 
plates contains a reformate input port 112 for a mixed gas stream, such as refonnate 
stream 36 or any of the other feeds to the membrane modules discussed herein. The 
end plates further include a pair of exit ports 1 14 for permeate, or hydrogen-rich, 

30 stream 42 and an exit port 116 for byproduct stream 40. It should be understood that 
the number and sizing of the ports for each stream may vary, and that at least one of 
the ports may be contained on the other end plate or elsewhere on the membrane 
module, such as on a housing 118 between the end plates, such as shown in Fig. 15. 
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As shown, the membrane envelopes mclude conduits 98, 100 and 102 that establish 
fluid communication with the input and exit ports and between the membrane 
envelopes. When membrane envelopes 66 are stacked, these various ports align and 
provide fluid conduits. 

5 In operation, reformate gas is introduced to the membrane module 

through port 112 and is delivered to the membrane envelopes. Hydrogen gas that 
passes through the hydrogen-selective membranes 46 flows to conduits 100 and is 
removed from the membrane module through ports 114. The rest of the reformate 
gases, namely the portion that does not pass through the hydrogen-selective 

10 membranes, flows to conduit 102 and is removed from the membrane module as 
byproduct stream 40 through port 116, 

It should be understood that the geometry of the frame members, 
gaskets, membranes and screen members shown in the Figs. 7-13 are provided as 
illustrative examples, and it should be understood that these components may be of 

15 any suitable shape. For example, illustrations of circular and rectangular plate 
membrane envelopes are illustrated in Figs. 10-13 for purposes of illustration. Other 
shapes, and other configurations, such as tubular configurations, are also within the 
scope of the present invention. Similarly, the configuration and orientation of the 
passages through the gaskets and plates may vary, depending upon the partictdar 

20 application with which the membrane module will be used. 

Membrane modules containing the palladium alloy membranes that are 
adhesively bonded to screen structure 70 preferably are subjected to oxidizing 
conditions prior to initial operation of the membrane modxile to remove the adhesive. 
If adhesive is not fiilly removed prior to operation, the carbon residue from the 

25 adhesive can alloy with the palladium-alloy membrane and cause a decline in 
hydrogen permeability. In extreme cases, carbon alloying wifli the palladium-alloy 
membrane can form a brittle alloy that physically fails under operating conditions. 

The objective of the oxidative conditioning is to bum out the adhesive 
without excessively oxidizing the palladium-alloy membrane. One set of suitable 

30 conditions using the above membrane compositions and adhesive is to heat the 
membrane module to 200° C while passing air over both the feed side and the 
permeate side of the membrane. A preferred method is to heat the membrane module 
to 200** C while the feed side is pressurized to a pressure greater than the permeate 

17 
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side of the membranes using a slow purge of air (>1 ruL/min). Pressures in the range 
of approximately 50 psig to approximately 200 psig have proven effective. Air at 
approximately ambient pressure is passed over the permeate side of the membrane at 
a rate >1 mL/min. These conditions are maintained for approximately 15-25 hours. 
5 Then the temperature is increased to 400° C, while maintaimng air pressure and flow 
rate over the feed and permeate sides of the membranes. The temperature is held at 
400** C for approximately 2-5 hours. After completing this oxidative conditioning of 
the membrane module, the adhesive has been burned out of the membrane module 
and the module is ready to accept a hydrogen-containing feed stream to be purified. • 

10 Experiments have shown that these methods result in membrane modules containing 
membranes that are free of wrinkles and without excessive carbon contamination. 

It should be understood that the conditions described above were 
presented to provide an illustrative example and that the operating conditions may 
vary. For example, different conditions may be used because of such factors as 

15 different membrane compositions, different membrane thicknesses, and different 
adhesives. Sinailarly, the invented method using an adhesive to secure hydrogen- 
selective membranes on one or more support screens may be used with purification 
assemblies other than the fiiel processing assemblies described herein and in the • 
incorporated patent applications, 

20 An example of a fuel processor 12 containing a membrane module 44 

according to the present invention is shown in Fig. 14. In the illustrated embodiment, 
fuel processor 12 is shown as a steam reformer 30 that contains reforming catalyst 34. 
Alternatively, refomier 30 may be an autothemial reformer that contains an 
autothermal reformiag catalyst bed. It should be understood that fuel processor 12 • ■ 

25 may be any device adapted to produce hydrogen gas, such as those discussed herein. 

In the embodiment of steam reformer 30 shown in Fig. 14, a feed 
stream 16 is delivered to a vaporization region 150, which as shown contains a 
vaporization coil 151 in which the feed stream is vaporized. For a steam reformer, a 
suitable feed stream includes water and a carbon-containing feedstock, such as one or 

30 more alcohols or hydrocarbons. When the carbon-containing feedstock is miscible 
with water, the feedstock and water may be mixed and then vaporized. When the 
carbon-containing feedstock is not miscible with water, the water is typically 
vaporized and then mixed with the carbon-containing feedstock. Jn the illustrated 
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embodiment, vaporization coil 151 is contained within the shell 31 of the reformer. It 
is within the scope of the invention that the vaporization region (and coil) may be 
located external the shell of the fuel processor, such as extending around the shell or 
otherwise located outside of the shell. 
5 The vaporized feed stream is then delivered to hydrogen-producing 

region 32, which in the context of a reformer, contains at least one reforming catalyst 
bed. The reformate stream, which is a mixed gas stream containing hydrogen gas and 
other gases, 36 is then dehvered to membrane module 44, which separates the mixed 
gas stream into hydrogen-rich stream 42:and byproduct stream 40, as discussed above. 

10 The illustrated reformer demonstrates that the byproduct stream may be used to 
. provide some or all of the fuel for the reformer*s heating assembly 152. Heating 
assembly 152 includes a heating element 153, which in the illustrated embodiment 
takes the form of a spark plug. Examples of other suitable heating elements include 
glow plugs, pilot lights, combustion catalysts, resistance heaters, and combinations 

15 thereof, such as a glow plug in combination with a combustion catalyst. 

Heating assembly 152 consumes a fuel stream 154, which may be a 
combustible fuel stream or an electric current, depending upon the type of heating 
element used in the heating assembly. In the illustrated embodiment, the heating 
assembly forms part of a combustion chamber, or region, 155, and the fuel stream 

20 includes a combustible fuel and air firom an air stream 156. The fuel may come from 
an external source, such as schematically illustrated at 157, or maybe at least partially 
formed firom the byproduct stream 40 fi:om membrane module 44. It is within the 
scope of the invention that at least a portion of the fuel stream may also be formed 
from product hydrogen stream 14. In the illustrated embodiment, the exhaust from 

25 combustion region 155 flows through heating conduits 158 in refonning region 32 to 
provide additional heating to the refonning region. Conduits 158 may take a variety 
of forms, including finned tubes and spirals, to provide sufficient surface area and 
desirable imiform distribution of heat throughout refonning region 32. 

In Fig. 15, another illustrative example of a steam reformer containing 

30 a membrane module 44 constructed according to the present invention is shown. As 
shown, the reforming region includes a plurality of reforming catalyst tubes 162 that 
contain reforming catalyst 34. The vaporized feed stream fi-om vaporization region 
150 is dehvered to tubes 162 via a manifold 172 that distributes the feed stream 
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between refoixniiig catalyst tubes. As shown in dashed lines in Fig. 15, the manifold 
may alternatively be located external shell 31 to enable access to the manifold from 
external the shell, such as to adjust the relative distribution of the vaporized feed 
stream between the reforming catalyst tubes. Similarly, portions 160 of the reforming 
5 catalyst tubes are also shown extending beyond shell 3 1 . 

The steam reformer of Fig. 15 also provides an example of a fuel 
processor 12 in which the bj^jroduct stream may be either used as a portion of fuel 
stream 154 for combustion region 155, vented (such as througji pressure-relief valve 
assembly 164), or delivered through fluid conduit 166 for storage or use outside of 

10 fuel processor 12. Also shown in Fig. 10 are flow regulators 168 for heat produced by 
heating assembly 152 in combustion region 155. In the illustrated embodiment, 
regulators 168 take the form of apertures in a combustion manifold 170. The 
apertures regulate the path along which combustion exhaust travels from combustion 
region 155 and through reforming region 32. Examples of suitable placement of the 

15 apertures include one or more apertures distal heating assembly 152, and a plurality of 
apertures distributed along the length of manifold 170. When a distribution of 
spaced-apart apertures is used, the apertures may be evenly spaced, or the openings 
may be more prevalent distal the bumer. Similarly, the size of the apertures may be 
uniform, or may vary, such as using larger apertures away from heating assembly 152. 

20 It should be understood that the steam reformers shown in Figs. 14 and 

15 are shown and described for purposes of illustration and should not be construed as 
providing exclusive embodiments of fiiel processors or steam reformers with which 
the invented membrane modules may be used. Instead, the structure and components 
of reformers and fiiel processors containing membrane modules according to the 

25 invention may vary. 

Industrial Apphcabilitv 
The present invention is applicable in any device in which a stream 
containing hydrogen gas is purified to produce a purified hydrogen stream. The 
invention is similarly applicable to fuel pxocossing systems in which hydrogen gas is 
30 produced from a feed stream and subsequently purified, such as for delivery to a ftiel 
cell stack or other hydrogen-consuming device. 

It is believed that the disclosure set forth above encompasses multiple 
distinct inventions with independent utility. While each of these inventions has been 

20 
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disclosed in its preferred form, the specific embodiments thereof as disclosed and 
illustrated herein are not to be considered in a limiting sense as numerous variations 
are possible. The subject matter of the inventions includes all novel and non-obvious 
combinations and subcombinations of the various elements, features, functions and/or 
5 properties disclosed herein. Similarly, where the claims recite "a" or "a first" element 
or the equivalent thereof, such claims should be understood to include incorporation 
of one or more such elements, neither requiring nor excluding two or more such 
elements. 

It is believed that the following claims particularly point out certain 
10 combinations and subcombinations that are directed to one of the disclosed inventions 
and are novel and non-obvious. Inventions embodied in other combinations and 
subcombinations of features, functions, elements and/or properties may be claimed 
through amendment of the present claims or presentation of new claims in this or a 
related application. Such amended or new claims, whether they are directed to a 
15 different invention or directed to the same invention, whether different, broader, 
narrower or equal in scope to the original claims, are also regarded as included within 
the subject matter of the inventions of the present disclosure. 
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WE CLAIM: 

1 . A fuel processor, comprising: 

a hydrogen-producing region adapted to receive a feedstock and 
produce a mixed gas stream containing hydrogen gas aad other gases therefrom; and 

a membrane module adapted to receive the mixed gas stream and 
divide the mixed gas stream into a byproduct stream containing at least a substantial 
portion of the other gases and a product stream containing at least substantially 
hydrogen gas, the membrane module comprising: 

a plurality of hySrogen-selective membranes, each having a 
feed side and a permeate side, therein the membranes are spaced-apart from each 
other and oriented with their permeate sides generally facing each other to define a 
harvesting conduit extending therebetween, and further wherein the product stream is 
formed from the portion of the mixed gas stream that passes through the membranes 
to the harvesting conduit, with the remaining portion of the mixed gas stream, which 
remains on the feed side of the membranes, foraiing the byproduct stream; and 

a screen stracture within the harvesting conduit adapted to 
support the membranes, wherein the screen structure includes a pair of generally 
opposed surfaces which are adapted to provide support to a respective one of the 
permeate sides of the membranes and which include a coating on at least a portion of 
the surfaces; and 

a product outlet port in fluid communication with the 
harvesting conduit and through which the product stream is withdrawn from the 
membrane module. 

2. The fuel processor of claim 1, wherein the coating is adapted to 
be thermodynamically stable with respect to decomposition in the presence of 
hydrogen. 

3. The fuel processor of claim 2, wherein the coating is adapted to 
be thermodynamically stable with respect to decomposition in the presence of 
hydrogen at temperatures less than approximately 700*" C. 
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4. The fuel processor of claim 2, wherein the coating is adapted to 
be thermodynamically stable with respect to decomposition in the presmce of 
hydrogen at temperatures less than approximately 400** C. 

5. The fuel processor of claim 2, wherein the coating is adapted to 
be thermodynamically stable with respect to decomposition in the presence of 
hydrogen at pressures less than approximately 1 000 psi. 

6. The fiiel processor of claim 2, wherein the coating is adapted to 
be thermodynajnically stable with respect to decomposition in the presence of 
hydrogen at pressures less than approximately 500 psi. 

7. The fuel processor of claim 1, wherein the coating is selected 
from the group consisting of aluminmn oxide, tungsten carbide, tungsten nitride, 
titanium carbide, titanium nitride, and mixtures thereof. 

8. The fuel processor of claim 1, wherein the coating is formed 
from at least one of the group consisting of oxides, nitrides, carbides, and 
intermetallic compounds. 

9. The fuel processor of claim 1, wherein the coating is adapted to 
prevent intermetallic diffusion between the membranes and the surfaces. 

10. The fuel processor of claim 1, wherein the coating is applied to 
the surfaces by at least one of chemical vapor deposition, sputtering, thermal 
evaporation, thermal spraying, and deposition followed by oxidation. 

11. The fiiel processor of claim 1, wherein the screen stmcture is 
adapted to permit flow of gas both parallel and transverse to the permeate sides of the 
membranes. 
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12. The fixel processor of claim 1, wherein the screen structure 
defines a gas stream path through the harvesting conduit, with the stream path 
extending parallel and transverse to the permeate sides of the membranes. 

13. The fuel processor of claim 1, wherein the screen structure is 
formed firom a porous material. 

14. The fuel processor of claim 1, wherein the membranes are 
adhesively mounted on the surfaces during fabrication of the membrane module. 

15. The fuel processor of claim 1, wherein the screen structure 
includes a plurality of screen memhors, 

16. The fiiel processor of claim 15, wherein the plurality of screen 
members are adhesively bonded together during fabrication of the membrane module. 

17. The fuel processor of claim 15, wherein the plurality of screen 
members includes an inner screen member and a pair of outer screen members that 
form the generally opposed surfaces to which the hydrogen-selective membranes are 
adhesively mounted. 

18. The fuel processor of claim 17, wherein the outer screen 
members are formed of expanded metal. 

19. The fuel processor of claim 17, wherein the outer screen 
members are formed of mesh. 

20. The fuel processor of claim 19, wherein the iimer screen 
member is formed of mesh that is coarser than the outer screen members. 

21. The fuel processor of claim 17, wherein the outer screen 
members are adhesively bonded to the inner screen member diuing fabrication of the 
membrane module. 

24 
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22. The fuel processor of claim 1, wherein the screen structure and 
the membranes whose permeate sides are supported by the screen structure comprise a 
membrane envelope, and further wherein the membrane module includes a plurality 
of membrane envelopes. 

23. The fuel processor of claim 22, wherein the membrane module 
further includes end plates between which the plurality of membrane envelopes are 
supported. 

{. 

24. The fuel processor of claim 23, wherein each membrane 
envelope includes an inlet port through which at least a portion of the mixed gas 
stream is delivered to the membrane envelope, a product outlet port through which the 
product stream is withdrawn from the harvesting conduit, and a byproduct port 
through which the byproduct stream is withdrawn from the membrane envelope, and 
further wherein the corresponding ports of the plurality of membrane envelopes are in 
fluid communication with each other to respectively form an inlet conduit, a product 
conduit and a byproduct conduit. 

25. The fuel processor of claim 24, wherein the end plates include a 
module inlet port in communication with the inlet conduit, a module product port in 
communication with the product conduit and a module byproduct port in 
communication with the byproduct conduit. 

26. The fuel processor of claim 22, wherein the fuel processor 
includes a plurality of gas transport conduits adapted to selectively deliver the mixed 
gas stream to the feed sides of the membranes, remove the product stream from the 
harvesting conduit, and remove the byproduct stream from the membrane module, 

27. The fuel processor of claim 26, wherein the fuel processor 
includes a combustion region and further wherein at least one of the gas transport 
conduits is adapted to deliver the byproduct stream to the combustion region. 
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28. The fiiel processor of claim 26, wherein the fuel processor 
includes a polishing catalyst bed and further wherein at least one of the gas transport 
conduits is adapted to deliver the product stream to the polishing catalyst bed. 

29. The fuel processor of claim 1, in combination with a fiiel cell 
stack adapted to receive at least a portion of the product stream and to produce an 
electric current therefrom. 

30. The fuel processor of claim 1, wherein the fuel processor 
iacludes a reforming region containing a reforming catalyst adapted to receive a 
reforming feedstock and to produce the mixed gas stream therefrom. 

31. The fuel processor of claim 1, wherein each hydrogen-selective 
membrane is formed from at least one of palladium or a palladium alloy. 
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32. A hydrogen purification assembly, comprising: 

a housing including at least one end plate and containing a housing 
inlet adapted to receive a mixed gas stream containing hydrogen gas and other gases, 
a product output through which a product stream is removed from the housing, and a 
byproduct output through which a byproduct stream is removed from the housing, 
wherein the product stream contains at least substantially hydrogen gas and ftirther 
wherein the byproduct stream contains at least a substantial portion of the other gases; 
and 

a plurality of membrane envelopes, wherein each envelope comprises: 
a hydrogen-selective membrane region having a feed side and a 

penneate side; 

another hydrogen-selective membrane region having a feed 
side and a penneate side, wherein the membrane regions are spaced-apart from each 
other with their penneate sides facing each other and defining a harvesting conduit 
extending therebetween, wherein the harvesting conduit is in fluid communication 
with the product output to enable gas passing through the membranes to be withdrawn 
from the housing through the product output, and frirther wherein the feed sides are in 
fluid communication with the housing inlet; and 

a support within the harvesting conduit and adapted to support 
tile permeate sides of the membrane regions, wherein the support includes a plurality 
of screen members, wherein the plurality of screen members includes at least a pair of 
outer screen members having outer sm*faces adapted to support the membranes, and 
further wherein the outer screen members are selected from the group consisting of 
screen members that include a coating on the outer surfaces and screen members that 
are formed from an expanded metal material. 

33. The assembly of claim 32, wherein the outer screen members 
axe formed from an expanded metal material and include a coating on the outer 
surfaces. 

34. The assembly of claim 32, wherein the outer screen members 
are formed from mesh and include a coating on the outer surfaces. 
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35. The assembly of claim 33, wherein the coating is adapted to be 
themiodynamically stable with respect to decomposition in the presence of hydrogen. 

36. The assembly of claim 33, wherein the coating is selected from 
the group consisting of aluminxmi oxide, tungsten carbide, tungsten nitride, titanium 
carbide, titanium nitride, and mixtures thereof. 

37. The assembly of claim 33, wherein the coating is formed from 
at least one of the group consisting of oxides, nitrides, carbides, and iutermetallic 
compounds. 

38. The assembly of claim 33, wherein the coating is adapted to 
prevent intermetallic diffusion between the membranes and the surfaces. 

39. The assembly of claim 32, wherein the outer screen members 
are formed from mesh and include a coating on the outer surfaces. 

40. The assembly of claim 39, wherein the coating is adapted to be 
tiiennodynamically stable with respect to decomposition in the presence of hydrogen. 

41. The assembly of claim 39, wherein the coating is selected from 
the group consisting of aluminum oxide, tungsten carbide, tungsten nitride, titanium ' 
carbide, titanium nitride, and mixtures thereof, 

42. The assembly of claim 39, wherein the coating is formed from 
at least one of the group consisting of oxides, nitrides, carbides, and intermetallic 
compounds. 

43. The assembly of claim 39, wherein the coating is adapted to 
prevent intermetallic diffusion between the membranes and the surfaces. 



44. The assembly of claim 32, wherein the plurality of screen 
members further iuclude an inner screen member between the outer screen members. 
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45. The assembly of claim 44, wherein the imier screen member is 
coarser than the outer screen members. 

46. The assembly of claim 44, wherein the outer screen members 
are adhesively bonded to the inner screen member during fabrication of the membrane 
envelope. 

47. The assembly of claim 32, wherein the membranes are 
adhesively bonded to the surfaces during fabrication of the membrane envelope. 

48. The assembly of claim 32, wherein the support is adapted to 
enable gas passing through the membranes to the harvesting conduit to travel 
transverse and parallel to the permeate sides of the membranes. 

49. The assembly of claim 32, in combination with a hydrogen- 
producing device adapted to produce the imxed gas stream. 

50. The assembly of claim 49, wherein the hydrogen-producing 
device includes a fuel processor. 

51. The assembly of claim 49, wherein the hydrogen-producing 
device includes a steam reformer. 

52. The assembly of claim 49, wherein the assembly is coupled to 
the hydrogen-producing device. 

53. The assembly of claim 49, wherein the assembly is at least 
partially contained within the hydrogen-producing device. 

54. The assembly of claim 49, wherein the assembly is contained 
within the hydrogen-producing device. 
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55. The assembly of claim 32, in combination with a hydrogen- 
consuming device adapted to receive at least a portion of the product stream. 

56. The assembly of claim 55, wherein the hydrogen-consuming 
device is a fuel cell stack. 

57. The assembly of claim 55, wherein the hydrogen-consuming 
device is a burner. 
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58. A method for forming a hydrogen-selective membrane module, 
the method comprising: 

providing a pair of hydrogen-selective metal membranes having feed 
sides and pemieate sides; 

providing a support including outer surfaces through vrhich hydrogen 

gas may flow; 

adhesively mounting the permeate side of one the hydrogen-selective 
metal membranes to one of the outer surfaces of the support and adhesively mounting 
the permeate side of another of the hydrogen-selective metal membranes to the other 
of the outer surfaces of the support to form a membrane envelope having a harvesting 
conduit extending between the permeate sides of the hydrogen-selective metal 
membranes; 

placing the membrane envelope in a membrane module having a pair 
of end plates; and 

subjecting the membrane module to oxidizing conditions to remove at 
least a substantial portion of the adhesive. 

59. A membrane module produced according to the method of 

claim 58. 

60. The method of claim 58, wherein the subjecting step includes 
heating the membrane module while passing air over and through the membrane 
envelope. 

61. The method of claim 60, wherein the subjecting step includes 
maintaining the feed sides of the membranes at a greater pressure than the permeate 
sides. 

62. The method of claim 61, wherein the subjecting step includes 
heating the membrane module at a first temperature for a first time interval and then 
heating the membrane module at a second temperature for a second time interval, and 
further wherein the second temperature is greater than the first temperature. 
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63. The method of claim 58, further comprismg repeating the 
providing and adhesively mounting st^ a plurality of times prior to the subjecting 
step. 

64. A membrane module produced according to the method of 

claim 63. 

65. The method of claim 58, wherein the support includes a 
plurality of screen members. * 

66. The method of claim 65, wherein the method ficrther includes 
adhesively mounting at least a first and a second screen member together to form the 
support. 

67. The method of claim 65, wherein the support includes an inner 
screen member and a pair of outer screen members. 

68. The method of claim 67, wherein the method further includes 
adhesively mounting the outer screen members to the inner screen member. 

69. A membrane module produced according to the method of 

claim 68. 

70. The method of claim 58, wherein the support is adapted to 
permit gas passing through the membranes and into the harvesting conduit to flow 
generally parallel and transverse to the membranes. 
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71 . A hydrogen-selective membrane envelope, comprising: 

a hydrogen-selective membrane region having a feed side and a 

permeate side; 

another hydrogen-selective membrane region having a feed side and a 
pemieate side, wherein the membrane regions are spaced-apart from each other with 
their permeate sides facing each other and defining a han^esting conduit extending 
therebetween; 

a screen structure within flie harvesting conduit and adapted to support 
the permeate sides of the membrane regions, wherein the screen structure enables gas 
passing through the membrane regions to the harvesting conduit to travel transverse 
and parallel to the permeate sides of the membrane regions, wherein the screen 
stmcture includes an inner screen member and a pair of expanded metal screen 
members separating the inner screen memb^ and the permeate sides of the membrane 
regions; and 

an outlet through which gas may be harvested from the harvesting 

conduit 
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Fig. 1 
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